Introduction
3D SSNMR spectra showed a significant number of cross peaks between cellulose and pectins 151 (Dick-Perez et al., 2011; Dick-Perez et al., 2012) , indicating that some of the pectic sugars come 152 into sub-nanometer contact with cellulose. While NMR cross peaks report inter-atomic distances 153 and not binding energies, the cross peaks nevertheless suggest that significant interactions exist 154 between cellulose and some of the pectins. Such interactions, if true, would disagree with the in-155
vitro binding assays but would be consistent with the early extraction results. 156 157 An unexpected result such as this one naturally meets with skepticism and a search for 158 alternative explanations. One possibility is that the preparation of the first CW samples, which 159
included washing with ethanol and other organic solvents followed by air drying and rehydration, 160
might have caused pectins to precipitate irreversibly onto cellulose and other wall components, 161
thus giving rise to artificial spatial contacts between different polymers. A second possibility is 162 that the intermolecular contacts result from molecular crowding of the wall polymers rather than 163 specific interactions stabilized by hydrogen bonding, van der Waals interactions or other non-164 covalent interactions (Cosgrove, 2014 Arabidopsis cell walls were subjected to pectin-loosening treatments, pectins assumed a larger 170 mechanical role in xyloglucan-deficient cell walls (Park and Cosgrove, 2012a) . 171 172
In this work, we investigate the nature of the pectin-cellulose contacts in greater depth by 173 carrying out SSNMR experiments on a new set of CW samples that allows us to assess the 174 effects of sample preparation, hydration history, temperature, and polysaccharide density on the 175 cellulose-pectin spatial contacts. We prepared Arabidopsis primary cell walls that were never 176 dried throughout the sample preparation. We show that 13 C chemical shifts, intra-and 177 intermolecular cross peaks, segmental order parameters and nuclear spin relaxation times are 178 indistinguishable between the never-dried and rehydrated walls. Difference 2D spectra (Wang et  179 al., 2015) that suppress intramolecular cross peaks are obtained that better reveal the 180 intermolecular cross peaks between cellulose and pectins. Variable-temperature experiments 181
show that cross peaks persist at ambient temperature, thus ruling out artifactual interaction by 182
freezing. Finally, a partially HG-extracted cell wall retains cellulose-pectin correlation peaks, 183
indicating that molecular crowding is not the main cause of the intermolecular contacts. Taken 184 together, these data indicate that cellulose-pectin spatial proximity is an intrinsic feature of the 185 never-dried primary cell wall, and some of the pectins may be entrapped within or between 186 cellulose microfibrils. 187 188
Results 189
We first compared the never-dried CW#1 with a previous sample, CW#4, which was 190 prepared from a different batch of plant material, washed with organic solvents, air-dried and 191 rehydrated ( Fig. S1 , the 193 quantitative 13 C direct-polarization (DP) spectra of CW#4 have significantly higher pectin and 194 glycoprotein signals than CW#1, indicating that the different seedlings and wall isolation 195 methods used in the two preparations cause different wall compositions. In 2D 13 C correlation 196 spectra, both samples show cellulose-pectin correlation peaks ( Fig. S2) , with CW#4 having 197 moderately higher cross-peak intensities, consistent with its higher pectin content . Given the  198  different wall compositions between CW#1 and CW#4, it is difficult to compare the effects of  199  dehydration on wall structure, thus we took the same batch of plant material as CW#1,  200 dehydrated it to produce sample CW#2, then rehydrated it to give sample CW#3 (Table 1) . 201 202
1D 13 C and 1 H NMR spectra of never-dried and rehydrated cell walls 203
We first examined the effects of lyophilization and rehydration on the structure and 204 dynamics of wall polysaccharides by comparing the quantitative 13 C DP spectra of cell walls #1, 205 #2, and #3 (Fig. 1a) . The never-dried CW#1 exhibits many sharp pectin peaks such as the 53.7-206 ppm peak of methyl esters (full width at half maximum = 0.38 ppm), the 21.2-ppm peak of acetyl 207 (0.81 ppm), the 17.6-ppm peak of Rha C6 (0.68 ppm) and the 79.7-ppm peak of GalA C4 and 208
Rha C2 (0.70 ppm). Lyophilization (CW#2) severely broadened all these peaks, giving 209 linewidths of ~8 ppm for the methyl ester peak and ~9 ppm for the acetyl group, indicating that 210 water removal traps a broad distribution of conformations in these pectins. The loss of dynamic 211 bulk water is confirmed by the 1 H spectrum ( Fig. 1b) . In comparison, the cellulose linewidths are 212 less perturbed by drying: the 89-ppm interior cellulose C4 (iC4) peak increased its linewidth 213 from 2.9 ppm to 3.8 ppm, and the 65-ppm iC6 linewidth is also only moderately broadened by 214 lyophilization. The relative stability of cellulose linewidths under dehydration is analogous to the 215 insignificant broadening of cellulose peaks by freezing to cryogenic temperatures (Wang et al., 216 2013), and indicates that the conformational rigidity of cellulose microfibrils renders their NMR 217 linewidths significantly independent of environmental changes. 218 219
When water is added back (CW#3), the 13 C DP spectrum is fully restored to the never-220 dried state, with similarly narrow pectin peaks. Thus, the conformations and hydrogen bonding 221 of polysaccharides are reversible after rehydration, suggesting that the average polysaccharide 222 structure in the dried CW is similar to that of the never-dried wall. The resumption of the narrow 223 pectin linewidths also means that the broad conformational distribution of pectins in the dry wall 224 is present in the never-dried wall but they interconvert rapidly to give narrow linewidths at 225 motionally averaged chemical shifts. In other words, polysaccharides with narrow linewidths due 226 to dynamic averaging in the hydrated wall should manifest broad linewidths in the dehydrated 227 wall. 228 229
To assess if polysaccharide mobilities are affected by hydration history, we measured 13 C 230 cross-polarization (CP) spectra ( Fig. 2a ) and DP spectra with short recycle delays (Fig. 2b) . The 231 former preferentially enhance the signals of immobile polymers while the latter preferentially 232 detect mobile polysaccharides. The never-dried CW#1 and the rehydrated CW#3 have identical 233 intensity distributions and linewidths in both the CP and DP spectra, indicating that these two 234 samples have identical distributions of mobile and rigid molecules. For example, the short-235 recycle-delay DP spectra exhibit strong and narrow pectin carbonyl signals (165 -180 ppm), 236 arabinose C1 peak (108-ppm), GalA and Rha peaks (100, 80, 69 and 17 ppm), the methyl ester 237 peak and the acetyl peak. 238 239
Pectin-cellulose spatial contacts from 2D 13 C-13 C correlation NMR spectra 240
To investigate whether the cellulose-pectin cross peaks reported previously (Wang et al., 241 2012) were caused by irreversible collapse of the polysaccharides during dehydration, we 242 measured the 2D 1 H-driven 13 C-13 C spin diffusion (PDSD) spectrum of the never-dried CW#1 243 with a long mixing time of 1.5 s and compared it with the spectrum of the rehydrated CW#3 ( Fig.  244 3). The CW#1 2D spectrum is remarkably similar to that of CW#3, with multiple cellulose -245
pectin cross peaks such as the iC6-HG/RC1 cross peak at (65, 101) ppm and the iC4-HG/RC1 246 peak at (89, 101 ppm). The 2D spectra have asymmetric cross-peak intensities around the 247 diagonal: in the F1 -F2 frequency dimensions, the cellulose -pectin cross peaks are higher than 248 the pectin -cellulose cross peaks. This results from the higher CP intensities and slower T 1 249 relaxation of cellulose compared to pectins. Fig. 3c, d show key cellulose and pectin cross 250 sections. In the 89-ppm and 65-ppm cross sections of interior crystalline cellulose and the 84-251 ppm cross section of surface cellulose, XyG backbone, and arabinose C4, unambiguous pectin 252 cross peaks such as the 101-ppm peak of Rha and HG C1 and the 80-ppm peak of GalA C4 and 253
Rha C2 are detected at mixing times longer than 500 ms. Cross peaks to mixtures of 254 hemicellulose and pectin signals, such as the 99-ppm peak of Xyl and GalA C1 and the 69-ppm 255 peak of GalA C2, Rha C5 and Xyl C4, are also observed. Conversely, the pectin cross sections 256 exhibit well-resolved cross peaks to cellulose iC4 and iC6. The pecin-cellulose cross peaks have 257
relatively high signal-to-noise ratios of 10-35. The never-dried CW#1 (black) and rehydrated 258 CW#3 (red) show similar intensities for the pectin-cellulose cross peaks within experimental 259 uncertainty, indicating that lyophilization and rehydration have negligible impact on the spatial 260 proximities between the closely packed cellulose and pectins. 261 262
The 2D spectra in Fig. 3 contain both intermolecular and intramolecular correlation 263 signals. To better distinguish these two types of cross peaks, we measured a difference 2D 264 spectrum (Wang et al., 2015) of CW#4 by subtracting two PDSD spectra with mixing times of 265 1.0 s and 0.2 s. In the resulting difference spectrum ( Fig. 4a) , intermolecular cross peaks 266 manifest as positive intensities while intramolecular cross peaks such as iC4-iC6 are removed. 267
Both cellulose-pectin cross peaks and surface-interior cellulose cross peaks expected for the 268 microfibril structure are clearly observed in the difference spectrum. Examples are iC4-R/HGC1 269 (89, 101 ppm), iC4-RC2/GAC4 (89, 80 ppm) and iC6-R/HGC1 (65, 101 ppm) peaks. 270 271
The 2D spectra in Figs. 3 and 4 were measured at -20˚C where pectins were immobilized. 272
To test whether the cross peaks indicative of close spatial contacts are an artifact of sample 273 freezing, we measured 2D PDSD spectra at ambient temperature. Fig. 5 shows that cellulose-274 pectin cross peaks remain at 20˚C, albeit with slightly lower intensities than at low temperature 275 due to the mobility of pectins at high temperature, which weakens the dipolar couplings that 276 drive magnetization transfer. Thus, the close proximity between cellulose and pectins is present 277 at ambient temperature, and the mild freezing in the SSNMR experiments does not perturb the 278 wall structure. 279 280
Polysaccharide mobilities in never-dried and rehydrated cell walls 281
To investigate whether dehydration and rehydration perturb polysaccharide mobility, we 282 quantified the motional amplitudes and rates by measuring the 13 C-1 H dipolar order parameters 283 (S CH ) and 13 C T 1 relaxation times. Supplemental Fig. S3 shows that the C-H dipolar dephasing 284
curves (Munowitz et al., 1981; Huster et al., 2001) are identical between the never-dried CW#1 285
and rehydrated CW#3 within experimental uncertainty. Fitting the dipolar decay curves yielded 286 the bond order parameters, S CH (Fig. 6a) . For both cell walls, the S CH values are the largest for 287 cellulose (~0.9) and the lowest for pectins (~0.5), indicating that pectins have the largest 288 motional amplitudes. No significant difference is observed between the two samples, indicating 289 that rehydration resumes the same polysaccharide mobilities as the never-dried wall. Similarly, 290 13 C T 1 relaxation times ( Fig. 6b-c, Fig. S4 ) are preserved between the never-dried and 291 rehydrated walls, indicating that the nanosecond-timescale motions are similar between the two 292 samples. 293 294
The 13 C-T 1 relaxation times can be used to determine the motional heterogeneity in each 295
wall polymer, which cannot be determined in the DIPSHIFT experiment, which reports only the 296 averaged bond order parameters. Cellulose generally exhibits single-exponential decays with 297 long relaxation times of ~5 s, while matrix polysaccharides have double-exponential decays with 298 equal contribution of a short component (~0.3 s) and a long T 1 component (~4.5 s) ( Tables 2, 3) . 299 Interior cellulose C6 (iC6) also has a fast-relaxing component with low population (~15%), 300 which is likely caused by the influence from the surrounding pectins. The double-componential 301
behavior is best seen in the pectin data, which show a distinct transition at ~0.5 s between the 302 initial fast decay and the later slow decay. To assess if the matrix polysaccharides contain a third 303 relaxation component that bridges the mobile and rigid portions, we fit the data using a triple-304 exponential function. However, the resulting fits show large uncertainties in either the T 1 values 305 or the fractions, or do not have sufficient differences in the T 1 values of the mobile and 306
intermediate components (Table S1) 2010) to remove the one-bond 13 C-1 H cross peaks by means of their strong 13 C-1 H dipolar 321
coupling. In the absence of 1 H spin diffusion, the MELODI-HETCOR spectrum (Fig. 7b ) 322 suppressed most polysaccharide signals except for a weak methyl ester peak at 3.8 ppm, as 323 expected. With 1 ms 1 H spin diffusion, multiple cross peaks at the 1 H chemical shift of 4.7 ppm 324 are detected while other cross peaks are suppressed ( Fig. 7c) . Thus, the 4.7-ppm 1 H cross section 325
indeed corresponds to water-polysaccharide correlations. Comparison of the HETCOR and 326 MELODI-HETCOR spectra shows that the water-edited spectrum preferentially enhances the 327 pectin signals (Fig. 7d) polarization most likely originates from water on the surface rather than interior of the 332 microfibril. Interestingly, the water-correlated interior cellulose C4 peak has half the linewidth as 333 the cellulose C4 peak in the HETCOR (Fig. 7e) . Since the HETCOR spectrum exhibits all 334 interior-cellulose signals due to the presence of polysaccharide protons that resonate between 4.5 335 and 5.0 ppm (Kono et al., 2003) whereas the MELODI-HETCOR spectrum only detects water-336 contacting cellulose, the line narrowing indicates that the water-proximal interior cellulose 337 chains adopt a subset of conformations that are present among all the glucan chains in the 338 microfibril. 339 340
The rehydrated CW#3 shows similar HETCOR and MELODI-HETCOR spectra (Fig.  341  S6) as the never-dried CW#1, except that the water-contacting pectins have 10-25% lower 342
intensities when normalized by the iC4 peak (Fig. S7) , indicating that pectin-water association is 343 slightly reduced in the rehydrated cell wall. 344 345
Investigation of molecular crowding using HG-extracted cell wall 346
To probe whether the cellulose-pectin spatial contacts in the never-dried wall result from 347 non-specific molecular crowding or specific interactions, we investigated a partially HG-348 extracted never-dried cell wall (CW#5 temperatures, thus they are not caused by freezing-induced alterations of polymer packing. The 395 preservation of the cross peaks at high temperature further verifies the conclusion that the more 396 rigid fraction of pectins is responsible for close contact with cellulose. 397 398
Taken together, these spectroscopic data indicate that part of HG and the majority of RGI 399 have significant and specific contacts with cellulose microfibrils. We hypothesize that the pectins 400 may be entrapped inside or between cellulose microfibrils, which may occur during cell wall 401 biosynthesis: pectins, secreted from the Golgi, may interact with the plasma-membrane-402 synthesized glucan chains when both are transported to the cell wall. 403 404
The persistence of hydration-and temperature-independent pectin-cellulose cross peaks 405 in multiple Arabidopsis primary wall samples raises the question why in-vitro binding assays 406 found only weak association between these two polysaccharides ( Second, some binding assays used bacterial cellulose, whose structure differs from that of 423 plant cellulose (Chanliaud and Gidley, 1999; Zykwinska et al., 2005) . Bacterial cellulose is rich 424 in the I  allomorph while the secondary walls of higher plants mainly contain the I  allomorph 425 (Atalla and VanderHart, 1984) , whose conformations and hydrogen-bonding patterns differ from 426 those of the I  allomorph (Nishiyama et al., 2002; Nishiyama et al., 2003) . In Arabidopsis 427 thaliana leaves, the cellulose 13 C signals indicate the presence of both I  and I  allomorphs, with 428 slightly higher I  contents (Newman et al., 1996) . The detailed structures of primary-wall 429 microfibrils are still unknown, but in silico results suggest that cellulose chains in small 430 microfibrils differ from those in extended crystalline phases in terms of chain tilts and various 431 dihedral angles (Oehme et al., 2015) . In addition, commercial Avicel microcrystalline cellulose 432 has been shown to bind pectins more weakly than plant cell wall cellulose (Zykwinska et al.,  433 2005), possibly due to its decreased surface area. Thus, the use of cellulose with different origins 434 from the plant cell wall calls for caution in interpreting the results of in-vitro binding assays. 435 436
Third, in-vitro binding assays generally report much lower binding than in-vitro 437 extraction assays (Ryden and Selvendran, 1990; Oehme et al., 2015) , which also report the 438 strength of the intermolecular interactions. This discrepancy also exists for xyloglucan, where 439
both the amount and strength of binding to cellulose are much less for in-vitro assays than is the 440 case in vivo in plant cell walls (Hayashi et al., 1987) . On the molecular level, this discrepancy 441 between the bottom-up and top-down assays is conceivable because absorption studies limit 442 possible binding to the cellulose surface, while polysaccharide entrapment within or between 443 microfibrils can occur during cell wall biosynthesis. It is known that primary wall cellulose has a 444 lower crystallinity than the crystallinity of cellulose in synthetic composites, further suggesting 445 that in-vitro binding assays cannot reproduce the complexity of the polysaccharide interactions in 446 the native wall. Taken together, these considerations suggest that the cellulose-pectin NMR cross 447 peaks observed in never-dried walls at ambient temperature are more authentic indicators of the 448 wall structure than in-vitro assays of cellulose-pectin composite formation. 449 450
While the current study demonstrates the existence of cellulose-pectin close contacts in 451 the never-dried primary wall, the nature of this intermolecular interaction requires further 452 investigations. One question is whether RGI or HG is more responsible for interacting with 453 cellulose. At present it is difficult to fully resolve the HG and RGI 13 C chemical shifts. 454
Polysaccharide-specific isotopic labeling and/or mutant plants deficient in one of the two pectins 455 would be desirable for answering this question. It is also unclear whether pectins can interact 456
with multiple microfibrils at the same time, which is a prerequisite for the load-bearing function 457
in both the tethered-network and the 'hotspots' model. Approximately 60 mg of the never-dried CW#1 was packed into 4 mm magic-angle-spinning 479
(MAS) rotors for SSNMR experiments. 480 481
As controls, another 60 mg of the same batch of never-dried wall was packed into an 482
MAS rotor and lyophilized for one day. 47 mg water was removed and a 1 H NMR spectrum 483
confirmed the loss of bulk water. 13 C spectra of this dehydrated CW#2 sample were measured. 484
Subsequently, an equivalent amount of water was added back to this dehydrated sample and 485 mixed homogeneously for a few minutes to produce CW#3. The dried wall absorbed water 486
readily. 487 488
We also re-measured the organic-solvent washed, air-dried and rehydrated CW#4. This 489
sample was used to obtain the previously reported cellulose-pectin cross peaks ( 1D 13 C MAS spectra were measured at 20˚C under 9 kHz MAS using either DP or CP to 512 create the initial 13 C magnetization. DP experiments were conducted with a long recycle delay of 513 25 s to obtain quantitative spectra or a short recycle delay of 2 s to selectively detect dynamic 514 polysaccharides, while CP experiments were used to preferentially detect rigid polysaccharides' 515 signals. 516 517 2D 13 C-13 C PDSD experiments were conducted on the never-dried CW#1, rehydrated 518 CW#3, and HG-depleted CW#5 with mixing times of 1.0 -1.5 s to detect long-range (~1 nm) 519
intermolecular correlations under varying hydration histories and polysaccharide densities. These 520 spectra were measured at -20˚C where both pectins and cellulose were immobilized, which 521 facilitate magnetization transfer (Wang et al., 2012) . The 2D experiments were also conducted at 522 20˚C on CW#1 with mixing times of 5-500 ms to verify whether the intermolecular contacts also 523 exist at ambient temperature. The relaxation-compensated PDSD experiment was conducted on 524
CW#4 to obtain clean difference spectra showing only intermolecular cross peaks (Wang et al., 525 2015) . The experiment inserts a z-filter before the evolution period, so that the sum of the z-filter 526 and the spin diffusion mixing time is a constant value of 1.005 s. Two parent spectra, with 527 mixing times of 1.0 s and 200 ms, were measured, and a difference spectrum was obtained by 528 subtracting the 200 ms spectrum after scaling by 0.83 from the 1.0 s spectrum. 529 530
The amplitudes and rates of polysaccharide motion were measured on the never-dried 531 CW#1 and rehydrated CW#3. 13 C-1 H dipolar chemical-shift (DIPSHIFT) correlation experiments 532 (Munowitz et al., 1981) were conducted at 20˚C under 7 kHz MAS to measure the C-H order 533 parameters (S CH ). The FSLG sequence (Bielecki et al., 1989 ) was used for 1 H homonuclear 534
decoupling. This theoretical scaling factor of 0.577 was verified using the model peptide formyl-535
Met-Leu-Phe (MLF) (Rienstra et al., 2002) . The ratio of the true coupling to the rigid-limit value 536 of 22.7 kHz gives the S CH (Fig. S3) . 13 C T 1 relaxation times were measured using a z-filter 537 sequence (Torchia, 1978) at 20˚C under 9 kHz MAS. Most relaxation decays are well fit by a 538 double exponential function (Tables 2, 3, Fig. S4 2 . 1D 13 C CP (a) and DP (b) spectra of never-dried, dried, and rehydrated Arabidopsis 566 primary walls at 20˚C. The CP spectra selectively detect the signals of rigid polysaccharides, 567
while the DP spectra with 2 s recycle delays preferentially detect the signals of dynamic 568 polysaccharides. Rehydration fully restored polysaccharide linewidths to those seen for the 569 never-dried CW#1. Representative pectin cross sections. Intermolecular cellulose -pectin cross peaks are annotated. 579
All cross peaks detected in the rehydrated CW#3 are also observed in the never-dried CW#1 580 with similar intensities, confirming that the close pectin-cellulose contact is intrinsic to the 581 primary cell wall. Pectin-cellulose cross peaks are present at high temperature, indicating that the intermolecular 604 contacts detected at -20˚C are not due to freezing. The high-temperature cross peaks are lower 605 than at low temperature due to conformational dynamics of the pectins. Asterisks indicate 606 diagonal peaks. 607 608 609 
